Purpose of review We summarize recent progress on GPIHBP1, a molecule that transports lipoprotein lipase (LPL) to the capillary lumen, and discuss several newly studied molecules that appear important for the regulation of LPL activity.
INTRODUCTION
The processing of triglyceride-rich lipoproteins by lipoprotein lipase (LPL) is the central event in plasma lipid metabolism. The hydrolysis of lipoprotein triglycerides occurs mainly in the heart, skeletal muscle, and adipose tissue [1] [2] [3] , generating fatty acids that are either used for fuel in striated muscle or stored in the form of triglycerides in adipose tissue [4, 5] . Aside from releasing lipid nutrients for uptake by tissues, lipolytic processing also produces atherogenic remnant lipoproteins (e.g., LDLs) and provides lipids for the biogenesis of HDLs. Defective lipolysis causes some cases of severe hypertriglyceridemia. For example, deficiencies in LPL or its protein cofactor, apolipoprotein (apo) CII, cause familial chylomicronemia, a condition in which the plasma triglyceride levels often exceed 2000 mg/dl [1] . Patients with chylomicronemia exhibit eruptive xanthomas, lipemia retinalis, and hepatosplenomegaly, and carry a high risk for developing fatal pancreatitis [1, 6] .
LPL is expressed most highly in tissues that either use fatty acids for fuel or store large amounts of triglycerides (i.e., heart, skeletal muscle, and adipose tissue), but LPL transcripts and protein can be found in many other tissues, including certain parts of the brain [7] [8] [9] [10] . LPL is synthesized by parenchymal cells (e.g., myocytes and adipocytes), assembled into head-to-tail homodimers, and then secreted into the surrounding interstitial spaces. To be relevant to the processing of triglyceride-rich lipoproteins, however, LPL must be transported from the interstitial spaces to the luminal face of capillary endothelial cells (wherein it is accessible to triglyceride-rich lipoproteins). For years, the mechanism by which LPL reached the capillary lumen was unclear, but this mystery was recently solved. LPL is transported to the capillary lumen by glycosylphosphatidylinositolanchored high-density lipoprotein-binding protein 1 (GPIHBP1), a GPI-anchored protein of capillary endothelial cells.
Because LPL-mediated processing of lipoproteins is so important for plasma lipid metabolism and fuel delivery to tissues, one would expect that its activity would be regulated. Indeed, this is the case; LPL regulation occurs at the transcriptional, posttranscriptional, translational, and post-translational levels [4, 5] , and also by the intrinsic properties of the enzyme. LPL enzymatic activity is downregulated by high concentrations of fatty acids, a form of regulation that might serve to prevent fatty acids from exceeding the capacity of tissues to take them up [11] . A variety of proteins that regulate LPL have been identified, including apo-CII [12, 13] , apo-CIII [14] , apo-AV [15] [16] [17] , angiopoietin-like protein 3 (ANGPTL3) [18, 19] , and ANGPTL4 [18] . ANGPTL4 has been shown to convert catalytically active LPL to inactive monomers [20] , and a recent study showed that ANGPTL3 renders LPL more susceptible to proteolytic inactivation by proprotein convertases [21 & ]. These topics have been discussed in recent reviews by Wang and Eckel [5] and Olivecrona and Olivecrona [4] . In this update, we focus on GPIHBP1, the endothelial cell LPL transporter, an area of interest within our laboratory. We also highlight several recent papers describing new molecules that appear relevant to the regulation of LPL activity.
LIPOPROTEIN LIPASE TRANSPORT ACROSS CAPILLARY ENDOTHELIAL CELLS
The identification of GPIHBP1 as the endothelial cell transporter of LPL represents a significant advancement in our understanding of LPL biology. As noted earlier, the mechanism by which LPL entered blood vessels remained elusive for years, but recently was shown to involve GPIHBP1, a GPI-anchored protein of endothelial cells. The association of GPIHBP1 with lipolysis began with the discovery of severe chylomicronemia in GPIHBP1 knockout mice (Gpihbp1À/À) [22] . On a chow diet, the plasma triglyceride levels in Gpihbp1À/À mice were 3000-5000 mg/dl, and they increased to greater than 20 000 mg/dl on a Western diet. For such a striking phenotype to occur with a knockout of a GPI-anchored protein, we immediately suspected that GPIHBP1 must be involved in LPL-mediated processing of lipoproteins and GPIHBP1 would have to be located on endothelial cells. Indeed, this was the case. By immunohistochemistry, GPIHBP1 was located exclusively in capillary endothelial cells, and biochemical studies revealed that GPIHBP1-expressing cells bind LPL avidly. These observations prompted speculation that GPIHBP1 serves as a binding platform for lipolysis on the vascular lumen [22, 23] .
GPIHBP1 is a member of the lymphocyte antigen 6 family of proteins. It is a small protein, with the mouse protein containing only 228 amino acids. The mature protein has several noteworthy features. The first is a striking accumulation of negatively charged amino acids at the protein's amino terminus. The second is a 'Ly6 domain' spanning approximately 80 amino acids and containing 10 cysteines arranged in a characteristic spacing pattern. Disulfide bonds between the 10 cysteines create a threefingered structure. The Ly6 domain of mouse GPIHBP1 contains an N-linked carbohydrate chain, which is important for efficient trafficking to the cell surface [24] . A series of mutagenesis studies revealed that both the acidic domain and the Ly6 domain are crucial for GPIHBP1's ability to bind LPL [25 & ,26,27] . The third noteworthy structure is the GPI anchor at the carboxyl terminus. Why nature chose to anchor this protein to the surface of cells with a GPI anchor rather than a transmembrane helix is not clear.
Soon after GPIHBP1 was uncovered, Weinstein et al. [28] reported that Gpihbp1À/À mice have normal tissue stores of LPL, but when compared with wild-type mice, LPL in Gpihbp1À/À mice enters the plasma more slowly after an intravenous dose of heparin. That finding prompted speculation that the metabolic defect in Gpihbp1À/À mice might relate to mislocalization of LPL [28] . More recently, Davies et al. [29 && ] examined the possibility that GPIHBP1 might be involved in moving LPL to the capillary lumen. First, they tested whether GPIHBP1 was capable of transporting a GPIHBP1-specific monoclonal antibody across cells. Indeed, GPIHBP1-expressing endothelial cells efficiently transported the GPIHBP1-specific antibody (but not an irrelevant control antibody) from the basolateral medium to the apical face of the cells. Transport was abolished when GPIHBP1 at the basolateral KEY POINTS GPIHBP1 transports LPL across endothelial cells.
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surface of the cell was released with phosphatidylinositol-specific phospholipase C (PIPLC). Davies et al. [29 && ] went on to show that GPIHBP1 was effective in transporting LPL from the basolateral to the apical surface of endothelial cells [29 && ], and this transport could be abolished when LPL binding to GPIHBP1 at the basolateral surface of cells was blocked with heparin or PIPLC pretreatment. As expected, endothelial cell monolayers expressing a mutant version of GPIHBP1 -one that lacked the ability to bind LPL -were unable to transport LPL across cells [29 && ]. Davies et al. [29 && ] demonstrated that GPIHBP1 is located on both the luminal and abluminal surfaces of capillary endothelial cells in mouse tissues, as would be expected for a transporter protein. They also showed that GPIHBP1 functioned as a transporter in vivo. When they injected a rat monoclonal antibody against GPIHBP1 into the quadriceps of a wild-type mouse, the antibody quickly diffused into the interstitial space, surrounding each myocyte within the muscle bundle. Within minutes, however, the antibody was bound by GPIHBP1-expressing endothelial cells and transported to the capillary lumen. The presence of the GPIHBP1-specific antibody in the lumen of capillaries was detected by immunohistochemistry after an intravenous injection of a fluorescently labeled anti-rat IgG. No transport of the GPIHBP1-specific antibody was observed in tissues of Gpihbp1À/À mice [29 && ]. Davies et al. [29 && ] used confocal microscopy to determine whether the absence of GPIHBP1 caused mislocalization of LPL. In wild-type mice, they found that most of the LPL in tissues was associated with capillaries, colocalizing with GPIHBP1 and CD31 (an endothelial cell marker) (Fig. 1 ). In contrast, virtually all of the LPL in tissues of Gpihbp1À/À mice was located around parenchymal cells, and little was found associated with capillaries ( Fig. 1) . When cross-sections of capillaries were examined by confocal microscopy, LPL was easily detectable along the luminal face of endothelial cells in wildtype mice, colocalizing with GPIHBP1 and CD31. In contrast, no LPL was present in the capillary lumen of Gpihbp1À/À mice (Fig. 2) . The mislocalization of LPL in Gpihbp1À/À mice, combined with the ability of GPIHBP1 to move antibodies and LPL across endothelial cells, strongly supported the idea that GPIHBP1 is responsible for delivering LPL to the capillary lumen.
GPIHBP1's crucial role in triglyceride metabolism is not a peculiarity of the mouse. In the past few years, a series of studies has shown that mutations in human GPIHBP1 cause chylomicronemia [30,31 & ,32-35] . But these mutations are fairly rare, even in screens of highly selected patients with unexplained hypertriglyceridemia. Most of the clinically significant GPIHBP1 mutations simply abolish GPIHBP1's ability to bind LPL. However, a recently described mutation was located in GPIHBP1's carboxyl-terminal hydrophobic domain and presumably interfered with the addition of the GPI 
& ] noted that a common coding polymorphism in GPIHBP1's signal peptide (C14F) is more common in patients with chylomicronemia than in normolipidemic controls. Another recent study by Voss et al. [36 & ] characterized LPL mutations that abolished LPL's ability to bind to GPIHBP1 and prevented trans-endothelial cell transport. These mutations, which were initially identified in patients with chylomicronemia [37, 38] , had no effect on the catalytic activity of LPL or its ability to bind to heparin [36 & ].
In the mouse, Gpihbp1 transcript levels are modulated by diet, feeding state, and peroxisome proliferator-activated receptor-g [39] , but whether similar regulation occurs in humans is unknown. Also, it is unknown whether the degree of regulation observed in the mouse, invariably less than twofold, has significant effects on LPL transport rates or plasma triglyceride metabolism, particularly, as heterozygous GPIHBP1 deficiency has no impact on plasma triglyceride levels [22, 28] .
microRNA REGULATION OF LIPOPROTEIN LIPASE
With the recent explosion of interest in microRNAs (miRs), it seemed only a matter of time until a miR affecting LPL was described. In a recent study, Chen et al. [40 & ] sought to identify the role of miR-29a (a miR expressed in mature dendritic cells [41] ) in inflammation and atherosclerosis. They found that increasing miR-29a expression lowered LPL mRNA and protein levels, an effect mediated through LPL's 3 0 UTR [40 & ]. Inhibition of miR-29a led to increased LPL mRNA and protein levels. Treatment of dendritic cells with oxidized LDL increased miR-29a expression, which in turn increased scavenger receptor expression and reduced proinflammatory cytokine release. The authors concluded those effects were mediated by LPL because an siRNA knockdown of LPL mimicked miR-29a's effects and also attenuated the effects of an miR-29a inhibitor [40 interesting to see whether modulation of LPL transcripts by mIRs is widespread, or confined to dendritic cells. Because LPL's regulation is often tissue-specific, it is tempting to speculate that some of this regulation could be mediated by tissue-specific miRs.
SorLA, LIPOPROTEIN LIPASE, AND THE BRAIN
Sortilin-related receptor with A-type repeats (SorLA) is a multifunctional receptor that mediates endocytic and intracellular trafficking [42, 43] . Klinger et al. [44 & ] found, using surface plasmon resonance analysis, that SorLA binds LPL with high affinity. In cells expressing SorLA, SorLA and LPL colocalized and targeting of LPL to endosomes increased [44 & ]. SorLA is expressed highly throughout the brain, and LPL is found in neurons and glia of the brain, particularly in the hippocampus [45] . When Klinger et al. [44 & ] examined LPL localization in primary hippocampal neurons and cortical glia, they observed vesicle-like staining, whereas LPL staining in neurons and glia cells from SorLA knockout mice was diffuse, suggesting that SorLA was responsible for the vesicular localization of LPL. The authors speculated that SorLA may be linked to LPL function in the brain. The precise function of LPL in the brain is poorly understood, but a recent study [46 & ] found that neuron-specific LPL-deficient mice were hyperphagic and obese. The authors concluded that the brain must use an LPL-dependent mechanism to sense triglyceride-rich lipoproteins and regulate energy balance [46 & ]. The discovery of LPL-SorLA interactions could provide a clue to the physiologic function of LPL in the brain.
REGULATION OF LIPOPROTEIN LIPASE BY APOLIPOPROTEINS
Several apolipoproteins affect the efficiency of lipolysis. As noted earlier, apo-CII is a crucial cofactor for LPL and LPL activity is minimal in its absence. apo-AV is also important; high apo-AV expression levels lower plasma triglyceride levels, whereas low levels increase triglyceride levels [15] [16] [17] . apo-CIII also has a profound impact on lipolysis; heterozygosity for an APOC3 nonsense mutation lowers plasma triglyceride levels, and a complete deficiency of apo-CIII greatly accelerates lipolysis [14, 47] . In a recent study, Lee et al. [48 && ] identified cyclic AMPresponsive element-binding protein H (CREB-H) as a regulator of several proteins affecting lipolysis, including apo-AV, apo-CII, and apo-CIII. CREB-H, a product of the Creb3L3 gene, is an ER-bound transcription factor that is expressed highly in the liver and small intestine [49] . Creb3L3À/À mice have elevated VLDL levels in the plasma [48 && ]. VLDL production rates in Creb3L3À/À mice were New wrinkles in li poprotein li pase biology Davies et al. found that adenoviral-mediated overexpression of apo-D lowers plasma triglyceride levels in chow-fed mice and mice with diet-induced obesity. VLDL clearance was increased but VLDL production rates were unchanged. LPL mRNA and protein levels were not altered by apo-D expression, but postheparin plasma LPL activity levels were increased, suggesting that apo-D was somehow capable of increasing LPL activity levels. In fact, when LPL and VLDL were mixed with apo-D (from HepG2 cells that had been infected with an apo-D adenovirus), apo-D increased LPL activity in a dosedependent fashion. The authors speculated that the ability of apo-D to increase LPL activity might explain the association of APOD missense mutations with elevated plasma triglyceride levels [53] .
CONCLUSION
The discovery of new molecules affecting LPL biology has invigorated the triglyceride metabolism field and raised many new questions for investigation. With the discovery of GPIHBP1, the field can formulate fresh hypotheses regarding mechanisms of lipolysis on the surface of endothelial cells. It will be interesting to determine, for example, whether efficient lipolysis requires the clustering of GPIHBP1-LPL complexes on the surface of endothelial cells. It will also be important to determine the cellular mechanisms by which GPIHBP1 transports LPL, and whether transport is perturbed in the setting of acquired hypertriglyceridemia. Also, more work is required to understand how nutrients, hormones, environmental conditions, and metabolic diseases influence triglyceride metabolism. For example, LPL activity is elevated in the hearts of mouse and rat models of diabetes, and several mechanisms have been proposed to explain this observation [54-58,59 & ], but our understanding of LPL regulation by insulin and glucose remains incomplete. Also, in a recent study, Bartelt et al. [60 & ] found that exposure to cold dramatically increased LPL-mediated plasma triglyceride clearance in mice, but the molecular mechanisms underlying these findings remain unclear. Although the list of physiologic regulators of LPL has grown, the mechanism by which many of the regulators influence LPL activity and lipolysis is incompletely understood. For example, even though the role of apo-CII in activating LPL's catalytic activity has been known for decades, the precise molecular mechanisms underlying the activation remain unclear. Thus, there are many topics within the field of lipolysis to investigate, and the work is still important. Understanding lipolysis is crucial for understanding hyperlipidemia, obesity, and the delivery to of nutrients to vital tissues such as the heart.
